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Abstract

To apply the nano polycrystalline silicon film (NPSF) to MEMS piezoresistive device effectively, the Young’s
modulus of the NPSF were tested by in-situ nano mechanical test system, the results show that the Young’s modulus
of the NPSF is about between 155GPa and 158GPa. According to the specialties of growing and structure of the nano
polycrystalline film materials, a theoretical model was presented which is suitable for NPSF. The Young’s modulus
of the NPSF was calculated by the model, the theoretical result agrees with the experimental result. The theory model
is valid and can be applied to analyses of the Young’s modulus of other nano polycrystalline film materials.

© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University
of Science and Technology Open access under CC RY-NC-ND license.
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1. Introduction

The researches about nano materials developed rapidly in 21st century [1]. Nano material is a kind of
material in which one of the material’s dimensions is in nanoscale (1~100nm). Nano material can be sort
into 3 kinds, including zero dimension, one dimension and two dimension. Two dimension nano materials
is a kind of film whose thickness is less than 100nm, i.e. nano film [2]. In this paper, polycrystalline
silicon film whose thickness is under 100nm is called nano polycrystalline silicon film (NPSF),

To utilize the NPSF further, the Young’s modulus of NPSF with 60nm and 90nm thickness were tested
by in-situ nano mechanics test system Tribolndenter. According to the structure characteristics of NPSF,
a theory model is presented. The Young’s modulus of NPSF is calculated by the model, the comparison
between theoretical result and experimental result is conducted.
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2. Experimental

The 4 inch monocrystalline silicon wafers (thickness: 500um) of <100> orientation were chosen as
substrates, then a Si0, layer (thickness: 1pm) grown by thermal oxidation. The oxidation layer can
insulate the substrate and NPSF. The NPSF were deposited at 620°C with SiH4 flow rates 50ml/min in a
low pressure chemical vapor deposition system. The thicknesses of NPSF are controlled by deposition
time. The film thickness is 60 nm and 90nm, respectively, and error of the thickness is about +3nm. Then
using boron nitride of solid state, the thermal diffusion was processed at 1080°C with nitrogen protection;
the doping concentration of both NPSF is estimated to be 2.3x10*°cm™ in terms of solubility of solid-state
boron in silicon. In this step, the NPSF finished annealing also. Test samples (10mmx10mm) were
obtained through photolithography. The samples are for testing of Young’s modulus of NPSF. On the
other hand, 10mmx10mm square Si0, film (thickness: 100nm) samples were prepared for comparison in
measurement of Young’s modulus also.

3. Results

In-suit nano mechanics test system Tribolndenter can be use to measure the mechanics parameters of
material, including Young’s modulus, hardness, frictional coefficient, dynamic stiffness and loss modulus.
We utilized the system to test Young’s modulus of square samples of NPSF and Si0, film. By loading
control of auto mode, Tribolndenter fulfill the continuous loading and unloading of materials. The
Young’s modulus of material can be calculated by analyses of loading-unloading curve obtained from the
experiments. In this paper, the methods and theoretical formulas [4] in the calculation are neglected; we
only present the loading-unloading curves and corresponding experimental results.

The square samples of 60nm NPSF were tested many times, and the typical loading-unloading curve is
shown in Fig.1. From the figure, the Young’s modulus of 60nm NPSF is calculated to be 155GPa.
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Fig. 1. Loading-unloading curve of square sample of 60nm NPSF

In the same way, the square samples of 90nm NPSF were tested also, and the typical loading-
unloading curve is shown in Fig.2. From the figure, the Young’s modulus of 90nm NPSF is calculated to
be 158GPa.

For comparison, the square sample of 100nm Si0, film were tested in the test process of 60nm and
90nm NPSF. The typical loading-unloading curve is shown in Fig.3. From the figure, the Young’s
modulus of 100nm Si0, film is calculated to be 73.56GPa.
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Fig. 2. Loading-unloading curve of square sample of 90nm NPSF
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Fig. 3. Loading-unloading curve of square sample of 100nm SiO, film
4. Discussion and Analyses

From Fig. 1 and Fig. 2, the Young’s modulus of NPSF is between 155GPa and 158GPa, and decrease
lightly with thickness of NPSF decreasing. The Young’s modulus of NPSF is smaller than that of
common polycrystalline silicon film (CPSF), which is 163GPa, representatively [7]. Along with
decreasing of film thickness, the trap density in grain boundary and defect increase, the rigidity of grain
boundary decrease; and at the same time, the grain size decrease, the weight of grain boundary on grain
unit increase, the rigidity of film decrease, so the Young’s modulus of the film decrease.

As we known, the Young’s modulus of Si0, is about 73GPa [8]. In our experiments, the Young’s
modulus of 100nm Si0, film is calculated to be 73.56GPa, which is very close to the known value. It
indirectly proves that the testing method of the Young’s modulus of NPSF is valid, the experimental
results is credible.

In following, a theory model is presented to investigate the Young’s modulus of NPSF, which is fit to
nano polycrystalline film materials also. In structure, the NPSF is composed of monocrystalline silicon
grains with different crystalline orientations, every grain can be seen to be a single crystalline silicon unit.
Around the units, amorphous silicon fills the interspaces between the units, and there are lots of defects
and .dangling bonds, i.e. grain boundary. In general, the width of grain boundary is less than 1nm.

Because of the insulator layer between the NPSF and substrate, the growth of NPSF is independent of
substrate, and preferred orientation of NPSF is independent of orientation of the substrate also. The
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previous researches show that [100] preferred orientation usually exist in only CPSF with bigger
thickness [9]. According to our previous researches, for NPSF prepared in our experiments, no obvious
preferred orientation exists.

Macro elastic constant of polycrystalline materials is close related to elastic constant of grains and
ways of grains making up of polycrystalline materials. Because no preferred orientation exists in the
NPSF, and it is isotropic in film plane unless the NPSF is annealed by laser and electron beams [10], a
theory model of NPSF is presented, and the key points of the model are followed: 1. Because of very thin
thickness of NPSF, grains arrange in single layer in the film plane, the vertical height of grains is equal to
the thickness of NPSF. 2. The grain size of NPSF is very bigger than width of grain boundary, so the
effect of grain boundary on elastic constant of grain unit is neglected, where grain boundary rigidly
connect grain units. 3. In the film plane of NPSF, orientation distribution of grain is symmetrical; every
grain can find another grain where orientation is symmetrical with each other, the isotropy in film plane
can be guaranteed. 4. For NPSF, the grains grow randomly; the orientation distribution of grain is random
also. No preferred orientation exists in NPSF.

According to the key points 1 and 2 of the model, if there is strain exist in film, every grain should
receive the same strain, i.e. uniform strain distribution. Assumed any grain of NPSF receives strain is
g =¢g,i=1---N , where the parameter N is total number of grains in NPSF. So average strain of the
NPSF is¢ = & . Because of different orientation of every grain, the Young’s modulus of every grain is
different also, so every grain receives different stress. Assumed the Young’s modulus of any grain is ¥,
the stress received by any grainis o' =Y'¢ .

So average stress of NPSF is followed:

1Z . 1ZV: .
o =— ‘: —_ Y‘
TTNET TNS s (1)

If the Young’s modulus of the film is defined to be the ratio of average stress and average strain, we
have:

& N D (2)

From equation (2), the Young’s modulus of NPSF is mean of Young’s modulus of all grains in film.
For NPSF, the planar size of film is usually from several decades to several hundred microns, in
contrast the grain size is only several decades nanometer. The total number of grain is very large, i.e.
parameter N in equation (2) is very large, and so the summation can translate into integrating, as followed:

v " Y(6.9)D(0, )dQ
YZLZYI_:L (0,9)D(0, )

NS j:”D(e, 0)dQ

()

Where Q is solid angle, D(8, ¢) is proportion of any grain on sphere coordinates of film plane, 6 and ¢
are angle of sphere coordinates.

According to the key point 3 of the model, orientation distribution of grain is symmetrical, so the limit
of integration of equation (5) is from 0 to 2m, which is corresponding to half integrating sphere. And
according to the key point 4 of the model, the orientation distribution of grain is random, so D(8, ¢)=1 in
equation (5). The Young’s modulus of any grain in NPSF is equal to that of single crystalline silicon with
same orientation, so [11],

Y'(0,9)=[s,, —2(s,, —5,, —0.55,,) x(sin* Ocos? psin® p+sin® Ocos? H)] ! 4)

Where, S;,;=7.68x10°/GPa. S;,=-2.14x10°/Gpa and S44=12.6x107/GPa are yield coefficients [12].

Combining the equation (4) into (3), and using the differential transformation between sphere
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coordinates and rectangular coordinates, it is obtained that the theoretical value of Young’s modulus of
NPSF is 160.9GPa.

The Young’s modulus of NPSF were measured to be about 155~158GPa in experiments, which is very
close to the theoretical value 160.9GPa. The theoretical value is consistent with experimental results,
which shows that the theory model presented above is valid and the method to calculate the Young’s
modulus of nano polycrystalline film is just. Because the effect of grain boundary on elastic constant of
film is neglected, theoretical value is slightly larger than experimental results.

5. Conclusion

(1) The Young’s modulus of NPSF were measured to be about 155~158GPa in experiments, which is
very close to the theoretical value 160.9GPa. The theory model presented in this paper can analyses the
Young’s modulus of nano polycrystalline film materials.

(2) Further complementing studies about mechanics properties of NPSF will be our next work, which
can help us to take good advantage of the NPSF.

Acknowledgements

The authors acknowledge the support from Young Science Foundation of Haerbin University of
Science and Technology under Grant Nos. 2011-20.

References

[1] Zeng Wen, Liu Tian-mo. Nano SnO, based gas sensor for formaldehyde gas detection. Nanotechnology and precision
engineering, 2009;7(5): 387-391.

[2] ZhuJing. Nano Materials and Devices. 1st. ed. Beijing: Tsinghua University Press; 2003.

[3] Chuai Rong-yan, Liu Xiao-wei, Huo Ming-xue. Influence of doping level on the gauge factor of polysilicon nano-film.
Chinese Journal of Semiconductors, 2006;27(7): 1230-1235.

[4] Tan Meng-xi. Extracting hardness-displacement relations and elastic modulus using nanoindentation loading curves. ACTA
Metallurgica Sinica, 2005;41(10): 1020-1024.

[5] Lu Xue-bin, Liu Xiao-wei, Chuai Rong-yan. Analysis of tunneling piezoresistive effect of p-type polysilicon nanofiilms.
Advanced Materials Research, 2009;60-61: 89-93.

[6] Lu Xue-bin, Liu Xiao-wei, Chuai Rong-yan. Piezoresistive properties of heavily doped p-type polysilicon films. Proceedings

of the 2009 4th IEEE International Conference on Nano/Micro Engineering and Molecular System, Shenzhen, China, 2009;498-501.

[7] Cacchione F., Corigliano A., Demasi B.. Out of plane vs. in plane flexural behavior of thin polysilicon films: Mechanical
characterization and application of the Weibull approach. Microelectronics Reliability. 2005;45:1758~1763.

[8] Xu Tai-ran. MEMS and micro system: design and fabrication. 3rd ed Beijing: China Machine Press; 2004.

[9] Wang Yang-yuan, T.I. Carmins, Zhao Bao-ying. Polysilicon film and its’ applications on integrate circuit. 2nd ed.. Beijing:
Science Press, 2001.

[10] Suzuki J., Mosser V., Goss J. Polysilicon SOI pressure sensors. Sensors and Actuators, 1989;17:405-414.

[11] Staffan Greek, Fredric Ericson, Stefan Johansson, et.al. Mechanical characterization of thick polysilicon films: Young’s
modulus and fracture strength evaluated with microstructures. Journal of Micromechanics and Microengineering. 1999;9:245~251.

[12] Cho Chun-hyung. Characterization of Young’s modulus of silicon versus temperature using a “beam deflection” method
with a four-point bending flexures. Current Applied Physics. 2009;9:538~545.

4029



